Schistosoma mansoni is a dioiceous trematode and one of the etiologic agents of schistosomiasis, the second more significant tropical disease concerning public health. Despite recent efforts undertaken to contain its progress, the disease is still endemic in several countries, with around 200 million people infected by the parasite (http://www.who.int/ctd/schisto/epidemio.htm). The study of S. mansoni is, therefore, very important in human parasitology. Gaining knowledge on the genome of this parasite is essential for a better understanding of its metabolism and biology and will help to elucidate important aspects of the mechanisms of drug resistance and antigenic variation that allow it to escape from the host immune system (Franco et al. 2000) .
about the genes of the parasite (Franco et al. 2000) . Since the creation of the SGN, sponsored by the World Health Organization, 16813 S. mansoni ESTs have been deposited in the EST database (dbEST release 031502, http:// www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html).
Although resulting in fast and very important information, ESTs available from public databases, such as dbEST, show some degree of redundancy and present a great number of errors, because they are single pass sequences (Miller et al. 1999) . To overcome these problems and to increase the length of the sequences, facilitating identification by homology searches, clustering procedures are performed (Oliveira & Johnston 2001) . In this kind of procedure, sequences that have some region of similarity are joined into a cluster. Therefore, sequences possessing overlapping regions and representing a single gene are joined into the same cluster, decreasing redundancy. Sequences of each cluster are then aligned to generate a consensus sequence. In this approach, the base (and, if available, the quality value designated by the base caller program) present in each sequence position is considered in the construction of a high quality consensus (Huang & Madan 1999) . The clustering procedure can, therefore, have two outcomes: consensus are generated by the alignment of the sequences of a cluster and singlets result from sequences that have not been grouped to any others. Theoretically, each sequence (either a consensus or a singlet) should represent an individual gene, and so, these sequences are called uniques. As is expected that each sequence represents a single gene, the comparison of the number of uniques with the total number of predicted genes make it possible to know, approximately, how many genes have not been discovered yet.
In order to identify which gene is represented by each unique, a process of sequence annotation should be performed. Among other approaches, this can be carried out by homology searches, using BLAST programs, against nucleotide and protein databases (Stein 2001) .
In this work we performed a clustering analysis of S. mansoni sequences available in public databases in order to investigate roughly how many of the parasite genes have been sequenced so far. We also investigated which of these genes are highly expressed and looked for a correlation between these genes and the biology of the worm. Attempts to establish an association between genes frequently transcribed in the parasite and the developmental stages they are expressed may result in the identification of stage-specific genes. This information could then be used in a strategy to specifically repress the gene expression in such stage of the worm life cycle, leading to the blockage of the parasite development.
MATERIALS AND METHODS
S. mansoni sequences -All S. mansoni sequences were obtained from National Center for Biotechnology Information -NCBI -US (http://www.ncbi.nlm.nih.gov) in FASTA format in May/2001. The number of sequences present in the databases at that moment was 14275, which includes ESTs (dbEST) as well as complete coding sequences (GenBank).
Treatment of sequences -Although GenBank sequences have a quality assurance review we performed a filtering procedure to avoid contaminants that could generate errors in sequence clustering. Vector regions were masked using the software cross_match, used according to documentation instructions (http://www.phrap.org/ phrap.docs/phrap.html). For this purpose, a vector file was generated containing three of the most used cDNA library cloning vectors (pGEM, pBluescript SK-and pUC 18). Besides that, two PERL scripts were developed to filter the sequences. The first (filter1.pl), was used to remove small (< 150 nucleotides) and poor quality (> 4% ambiguities) sequences (Franco et al. 1997b ). The second script (filter2.pl) was used to remove regions such as cloning enzymes restriction sites, linkers, poly Ts and poly As.
Clustering procedure -To perform sequence clustering, we used the softwares PHRAP and CAP3 (Huang & Madan 1999) . We performed preliminary tests to adjust the parameters of the softwares to more stringent values, which produced better results than the default parameters (data not shown). In this way, only sequences that overlap in at least 40 bases with 100% sequence identity were joined in the same cluster. Two PERL scripts were generated to count the number of sequences present in each CAP3 or PHRAP cluster. Clusters containing the same number of sequences were grouped in classes, and half of the total number of classes was analyzed. These classes were considered to contain clusters of the most frequently expressed genes.
Homology searches -The BLAST software was run locally with all default flags and an e-value cut-off of 10 -10 to identify the uniques representing the highly expressed genes produced by the clustering procedure. Databases used in the BLAST procedure were the nonredundant nucleotide (nt) and protein (nr) databases of NCBI (Weller et al. 2002) .
RESULTS
Treatment of sequences -After the treatment of the sequences with cross_match, the files containing the masked sequences were submitted to filter1 script and results can be seen in Table I . Of the 14275 sequences used in this step, 4.7% have more than 4% ambiguities and 4.3% have less than 150 nucleotides. Thus, of the total sequences submitted to round one of filtering, 12982 had an acceptable number of ambiguous bases and were not too small. They were submitted to filter2 and the results of this second round of filtering can be seen in Table II . Of the 12982 sequences used in this step, 22.5% had regions of linkers, 1.2% had the XhoI cloning site, 10.5% had poly Ts in the beginning of the minus strand sequence and 0.96% had poly As in the end of the plus strand sequence.
Clustering procedure -The results of the clustering procedure can be seen in Table III . Using the software CAP3, 70.1% of the 12982 sequences were clustered, producing 1832 consensus. On the other hand, using PHRAP, 66.6% of the 12982 sequences were clustered producing 1763 consensus. Therefore, 5708 uniques were produced using CAP3 and 6000 uniques were produced using PHRAP. Identification of the most expressed genes -Both softwares produced 51 classes of clusters regarding to the number of sequences joined, as can be seen in Table  IV . The clusters representing highly expressed genes were the ones with more sequences than the clusters at the class 25 (presenting 25 sequences). Therefore, all contigs produced by the alignment of more than 25 sequences were identified and annotated for CAP3 (Table V) and PHRAP (Table VI) .
DISCUSSION
Regarding the data shown in Tables I and II , it can be seen that a great number of S. mansoni sequences available in public databases were rejected by the quality criteria used in this analysis (close to 10%) and also contain regions of linkers, XhoI cloning sites, poly Ts 5' and poly As 3' (more than 35%). These "contaminant" regions are necessary in the process of cDNA library construction. Some of them are not removed by softwares based on sequences comparison, such as cross_match (used in the filter procedure), because of their small size. Considering the great number of sequences presenting these "contaminants", the use of softwares developed specifically to remove or mask them, like the PERL script filter2 performed here, is essential.
The softwares used here for clustering of sequences produced a very similar number of uniques (around 6000) with a slight difference of approximately 0.05% (Table III) . This difference is probably due to distinct specifications in the algorithms of the softwares and to different values of matches, mismatches and gaps scores being used during sequence alignment procedures. This non-redundant number of uniques is, therefore, the most recent estimate that can be made about the number of genes already sequenced in the parasite. Thus, considering the putative number of genes present in the worm (15000-20000), it can be inferred that approximately 30%-40% of S. mansoni genes is already available in public databases.
Other authors obtained a different number of clusters for S. mansoni sequences. The researchers from TIGR suggested 1711 clusters and 4985 singlets as a result of their clustering procedure using CAP3. However, their initial number of sequences was 13540 and their clusters contain sequences that overlap for at least 40 bases, with more than 95% sequence identity (http://www.tigr.org/tdb/ tgi_info.html; Schistosoma mansoni Gene Index release 3.0 -September 06, 2001-http://www.tigr.org/tdb/smgi). Considering the level of stringency used in our analysis and the small size and quality of the sequences removed by the filtering procedure, it is probable that great part of these filtered sequences are present as singlets in TIGR gene index. The WHO/UNDP/World Bank Schistosoma Genome Network, release 4 (March/2000) suggested 1830 clusters and 5439 singlets, generated from 13154 input sequences (http://www.nhm.ac.uk/hosted_sites/schisto). Their clustering procedure was carried out using the software Sequencer 3.1.1, where sequences with more than 90% of similarity in regions greater than 60 bases were grouped. In this case, it is possible that the software used for clustering is more stringent than the ones used by us, which explain the discrepancies observed between the results.
Regarding the annotation of the most expressed genes, we observed that, as expected, the majority of them belong to the category of housekeeping genes. For carbohydrate metabolism, three contigs with great number of sequences representing genes from the glycolytic pathway were found, when using either CAP3 or PHRAP: glyceraldehyde-3-phosphate dehydrogenase (105 sequences), fructose 1,6 bisphosphate aldolase (68 sequences) and enolase (26 sequences) (Tables V, VI). It is interesting to notice that PHRAP and CAP3 joined exactly the same S. mansoni mRNA and EST sequences to construct these clusters, which increases the confidence of the result. Another interesting point regarding the glycolytic pathway enzymes is the high proportion of these genes expressed in cercariae. This agrees well with previous work from our group suggesting that in this developmental stage the parasite needs a high amount of energy for rapid swimming and for body contraction in order to find and penetrate the host skin (Santos et al. 1999) .
A great number of sequences representing three subunits of the enzyme cytochrome oxidase (CO), the fourth complex of the respiratory chain and also responsible for proton pumping across the inner mitochondrial membrane, were found in clusters constructed by both softwares. These are genes from the mitochondrial genome and because of their large sizes our analysis produced more than one cluster, formed by different number of sequences, sharing the same gene annotation. This suggests that the three clusters of cytochrome oxidase I (COI) produced by CAP3 represent different parts of the same gene. This reasoning does not apply to the two clusters of COI, COII and COIII produced by PHRAP as was observed by the a: both softwares were used at more stringent parameters (see methodology); b: number of singlets + number of contigs; c: if the number of singlets and sequences grouped by the PHRAP clustering procedure is added, the total number of sequences is 12889. This total is 93 sequences fewer than the expected number (12982 sequences from the input file). That can be explained because these 93 sequences are duplicated in the input sequences and were discarded during the clustering procedure performed by this software.
alignment of these contigs to the complete mitochondrial DNA sequence of S. mansoni (data not shown). In this case, it seems that the two clusters of each gene represent the same region. The high expression of these genes supports the idea that S. mansoni, in all developmental stages analyzed here, is an organism presenting, mainly, aerobic metabolism. Previous studies have described S. mansoni adult worms as presenting anaerobic metabolism (Bueding & Fisher 1982 , Thompson et al. 1984 , Rumjanek 1987 , Van Oordt et al. 1989 ). This idea was corroborated by the observation that high amounts of lactate are produced by the worms (Rumjanek 1987) . It is important to notice that the enzyme lactate dehydrogenase was identified as one of the most expressed genes, Tables V and VI. when clusters were constructed using PHRAP, and this could explain the above assumption, reinforcing the idea that S. mansoni may produce part of its energy through anaerobic oxidation of glucose. However, the number of sequences representing subunits of cytochrome oxidase, in all developmental stages analyzed here, is greater than the number of lactate dehydrogenase sequences. Therefore, our results agree with other authors that describe an interruption of the oxygen consumption in an adult worm extract when it is submitted to mitochondrial inhibitors, demonstrating the existence of an active respiratory chain (Coles 1972) . As for specific developmental stages, our results showing a high number of cytochrome oxidase sequences in cercariae are in accordance with previous studies that verified a high expression of enzymes from the tricarboxylic acid cycle and oxidative phosphorylation in this stage of the parasite life cycle (Skelly et al. 1993 ). Our results agree as well with other studies about the consumption of oxygen and production of carbon dioxide from metabolized glucose in this stage (Van Oordt et al. 1989 , Bruce et al. 1971 . Concerning the lung stage, not even a single sequence representing lactate dehydrogenase was found. Meanwhile, sequences representing the subunits 1 and 2 of cytochrome oxidase were present. Thus, it seems that the worm is capable of carrying aerobic metabolism also in this stage. To confirm these results, however, it is necessary to obtain more sequences or construct other libraries from the same stage, once the number of ESTs generated from it is still small. Regarding cell motility and the cytoskeleton, we observed the presence of three clusters representing actin genes (two similar to actin 2 and one similar to actin 1), in the clustering results obtained by both softwares. Previous studies have shown that the abundance of both actins is greater in males than in females, being less represented in eggs and cercariae (Davies et al. 1985) . Considering that the total number of female sequences in our analysis is twice that of male sequences, it seems that actin 2 is more expressed in males, while actin 1, in females. However, the number of sequences used here is still low and more sequences should be produced to support this statement.
At this point, it is interesting to notice that the third cluster with the highest number of sequences produced by PHRAP, represents an actin related protein (ARP1), and this cluster have not been found among the most expressed sequences clustered by CAP3. This may be explained by the fact that ARP1 sequences were grouped by CAP3 with other ones containing a minisatellite region on them, forming then a cluster with an excessive number of sequences (the first cluster of Table V) . Sequences harboring minisatellites also produced a clustering error for the group with the second highest number of sequences, when PHRAP was used. Despite of this problem, ARP1 was identified as one of most expressed genes by PHRAP. This protein is the major subunit of dynactin, a multiprotein complex that acts, in vitro, as a cofactor for dynein-mediated movement of vesicles along the microtubules (Frankel & Mooseker 1996) . The presence of both alpha tubulin and dynein light chain between the most expressed genes could suggest the great importance of vesicular transport for S. mansoni. Other motor proteins were identified among the most expressed genes: a myosin heavy chain and a myosin regulatory protein. These motor proteins are responsible for a great number of intracellular movements essential for reproduction and survival of an eukaryotic cell (Valle & Gee 1998) .
More than 40 years ago, a classic experiment showed that the main source of amino acids for schistosome adult worms is the digestion of hemoglobin (Timms & Bueding 1959) . Since then, a significant number of proteases discovered in the worm were classified as hemoglobinases, although the precise proteolytic pathway for the degradation of hemoglobin is still unsolved (Brindley et al. 1997) . Among the worm cysteine proteinases, the proteins Sm31 (similar to mammalian cathepsin B) and Sm32 (similar to asparaginyl endopeptidases, a family of cysteine proteinases) (Klinker et al. 1989 ) are the best characterized and represent a class of highly immunogenic proteins, both used in schistosomiasis diagnosis (Li et al. 1996) . Two contigs representing the enzyme Sm31 and one representing Sm32 were found among the most expressed genes produced by PHRAP. As for those produce by CAP3, we found just one cluster for each of these enzymes. Looking at the developmental stages where these proteins were expressed, we found Sm32 only in adult worms, whereas Sm31 is found also in cercariae and lung stage.
The production of eggs by the worm pairs and their deposit in the liver and intestine is a major cause of pathogenesis in schistosomiasis (Chen et al. 1992) . Two eggshell proteins were found among the most expressed sequences grouped by PHRAP and CAP3. These are proteins expressed, usually, by mature females during the egg production. However, we found these proteins in male, egg and cercariae libraries. Analysis of the alignments used by CAP3 to construct this cluster, showed that the egg and cercariae sequences were clustered in this group because a CT microsatellite present in some sequences. The male sequences, on the other hand, were clustered correctly. An interesting fact is that all male sequences come from the same library. It is possible that this library contained some female contaminant sequences, as it is very difficult to separate the worm pairs for mRNA isolation.
One chaperone molecule was found among the S. mansoni most expressed genes. The consensus was similar to the heat shock protein 90 (Hsp90) of different organisms. Hsp90 is a molecular chaperone, which seems to operate in a cytoplasmic multichaperone machinery, including Hps70, peptidyl-prolyl isomerases and other cochaperone like protein kinases. The clustering of the same Hsp90 sequences by both softwares increases our confidence in this contig (Richter & Buchner 2001 , Young et al. 2001 .
Two clusters representing calcium-binding proteins were found among the most expressed genes generated by both softwares. One of these clusters is related to a family of proteins called fibrillins. The human fibrillin is a calcium-binding protein, which is the major structural component of microfibrils located in the extracellular matrix of connective tissue (Hanford 2000) . This protein seems to be highly expressed in S. mansoni eggs but its function in this organism is unknown. The other calcium-binding protein is found almost exclusively in the cercariae stage. This gene seems to be turned on within a short period of time after the release of the cercariae into the water and shut off when the cercariae transforms into schistosomula (Ram et al. 1989 ). The calcium-binding proteins are interesting because several metabolic and physiological events are triggered by calcium ions with the help of these molecules (Goodman et al. 1979) . Moreover, these proteins are necessary in the process of host skin invasion by cercariae, once that Ca 2+ ions play crucial roles in many matrix-matrix, cell-matrix and cell-cell contacts (Maurer & Hohenester 1997) .
Several of the most expressed sequences could not be identified by homology searches. Seven of these uniques resulted from the PHRAP clustering and four from the CAP3 clustering. Three of these unknown highly expressed genes were clustered by both softwares: two of them were present exclusively in cercariae and a pro-his rich protein was found only in females (and adult-worms). Of the cluster resulting exclusively from the PHRAP clustering, two have been found only in adults and cercariae, one just in adults (AUT1) and the other in all developmental stages. The other unknown unique produced in the CAP3 procedure was found in adults and eggs.
Another poorly characterized gene was the one encoding the protein presenting similarity to human neuroendocrine-specific protein B. The neuroendocrine-specific proteins are thought to be involved in neuroendocrine secretion or in membrane trafficking in neuroendocrine cells (Hens et al. 1998) . These proteins are called reticulons because they associate with the endoplasmic reticulum (van de Velde et al. 1994 ). The cluster representing this protein is composed of sequences only from adult and female libraries and was produced using both softwares. The function of this protein, in S. mansoni, is still unknown.
The elongation factor 1 alpha is known as the second most abundant transcript in eukaryotic cells, constituting 1-2% of total protein in normal cells (Condeelis 1995) . Its main function is to catalyze the GTP-dependent binding of aminoacyl-transfer RNA to the ribosomes. One cluster representing this gene was found by each program and, curiously, there are no sequences of this gene in egg libraries, perhaps due to the small amount of sequences analyzed from this stage.
Glutathione S-transferases are detoxification enzymes that catalyze the conjugation of electrophilic substrates to glutathione (Sheehan et al. 2001 ). This protein is one of the best characterized antigens and the most tested vaccine candidate against schistosomiasis (Riveau et al. 1998 ). This enzyme was found in all S. mansoni developmental stages, except the lung stage, using both PHRAP and CAP3.
The Y-box binding proteins are multifunctional regulators of gene expression (Matsumoto & Wolffe 1998) and can bind to both double-stranded and single-stranded DNA and also to mRNA (Franco et al. 1997a ). Twentynine sequences of this gene were found in libraries of males, females, adult worms and cercariae.
In conclusion, the putative most expressed S. mansoni genes were analyzed here, considering the presence of each one in different stages of the worm life cycle. We have observed that the majority of these genes is related to the maintenance of the cell homeostasis, encoding genes related to carbohydrate and energy metabolism, cytoskeleton, chaperones, transcription factors and detoxification enzymes. Genes related to pathogenesis, encoding eggshell proteins and proteases have also been found. Several genes could not be identified and may have some specific functions in the parasite. Its important to notice that the identification of some genes as the most expressed could be the result of redundancy in a given library. This observation should be applied, mainly, to the genes found only in one library.
We have identified some problems during our analysis due to clustering errors that occurred mainly when repetitive regions (micro or minisatellites) were present in the sequences. However, some clusters contained exactly the same sequences, when comparing the results generated by the two clustering programs and a great number of the most expressed genes were found by both softwares. This reinforces the reliability of this analysis.
Unfortunately, sequences from some developmental stages of S. mansoni (such as miracidium and sporocysts)
are not yet available in public databases. It seems necessary, therefore, a community effort in order to fill in these blanks, producing more sequences from each stage in order to complete the characterization of the parasite transcriptome. Fortunately, new expressed gene sequencing projects were recently approved in Brazil and these, in cooperation with the efforts from all over the world, will generate more sequences to fill the gaps existing today.
